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Repeated inoculation of cattle 
rumen with bison rumen contents 
alters the rumen microbiome and 
improves nitrogen digestibility in 
cattle
Gabriel O. Ribeiro1, Daniela B. Oss1,2, Zhixiong He1, Robert J. Gruninger1, Chijioke Elekwachi1, 
Robert J. Forster1, WenZhu Yang1, Karen A. Beauchemin  1 & Tim A. McAllister1

Future growth in demand for meat and milk, and the socioeconomic and environmental challenges that 
farmers face, represent a “grand challenge for humanity”. Improving the digestibility of crop residues 
such as straw could enhance the sustainability of ruminant production systems. Here, we investigated 
if transfer of rumen contents from bison to cattle could alter the rumen microbiome and enhance 
total tract digestibility of a barley straw-based diet. Beef heifers were adapted to the diet for 28 days 
prior to the experiment. After 46 days, ~70 percent of rumen contents were removed from each heifer 
and replaced with mixed rumen contents collected immediately after slaughter from 32 bison. This 
procedure was repeated 14 days later. Intake, chewing activity, total tract digestibility, ruminal passage 
rate, ruminal fermentation, and the bacterial and protozoal communities were examined before 
the first and after the second transfer. Overall, inoculation with bison rumen contents successfully 
altered the cattle rumen microbiome and metabolism, and increased protein digestibility and nitrogen 
retention, but did not alter fiber digestibility.

The rumen microbiome consists of a complex microbial community composed of bacteria, archaea, protozoa, and 
fungi. The metabolic activity of these microbial symbionts converts complex fibrous substrates into volatile fatty 
acids (VFA) and microbial protein that are used by the ruminant host for maintenance, growth and lactation1. 
Although the rumen is one of the most effective systems for degrading plant cell walls, less than 50% of cell wall 
carbohydrates are digested in low quality forages such as straw2. Improving the efficiency of structural carbohy-
drate degradation in the rumen would provide additional energy for animal production at a substantial value to 
the beef and dairy industries.

Bison may be more efficient at digesting low-quality forages (<7% crude protein) than cattle3–5. A hypoth-
esis as to why the rumen microbiome in bison is more efficient at digesting plant cell walls is that it co-evolved 
to digest the natural high-lignocellose feedstuffs consumed by bison6. When fed similar high-forage diets, the 
bison rumen microbiome has been shown to have a superior fiber-digesting capacity to beef cattle as it has more 
fibrolytic bacteria (i.e., Fibrobacter succninogenes, Ruminococcus albus and Ruminococcus flavefaciens)7, differs in 
protozoal species, and has greater total protozoal numbers8.

The introduction of pure cultures of fibrolytic bacteria into the ruminal microbiome to enhance fibre degra-
dation has been largely unsuccessful, possibly due to the resilience and host-specificity of this complex microbial 
community9. In addition, most pure fibrolytic bacterial cultures have been maintained for many years in the 
laboratory and grown under controlled laboratory conditions where they may become less competitive and com-
parably less fit than their wildtype counterparts within the host10–12. Competition for substrates with fully adapted 
indigenous rumen bacteria may account for the failure of these inoculated cultures to integrate into the complex 
rumen microbial community.
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Rumen protozoa may represent up to 50% of microbial biomass and play a key role in ruminal N and carbo-
hydrate metabolism13. In contrast to bacteria, protozoa have been shown to have very little host specificity14–16. 
The importance of the rumen protozoa in fibre degradation of high forage diets has been demonstrated by com-
paring protozoa-free sheep to faunated sheep17, 18. The effect of the manipulation of protozoa on rumen metab-
olism without their complete elimination (defaunation) is not completely understood17 and the introduction of 
specific protozoa populations into the faunated rumen as a means of improving fibre degradation has not been 
investigated.

Rumen content transfer across ruminant species has not been described and may be a means of overcoming 
the limits in fitness imposed by laboratory culture methods. Hence, the objective of this proof-of-concept study 
was to assess if the fibre digestibility of a barley straw-based diet was enhanced as a result of the transfer of rumen 
contents from bison to cattle. We hypothesised that the capacity of cattle to digest barley straw would be improved 
as a result of the transfer of rumen contents from bison to cattle. Two rumen transfers were conducted to increase 
the likelihood that microbes responsible for the degradation of the most recalcitrant fibre in the bison rumen had 
the opportunity to establish in the rumen of heifers.

Results
No animal health issues were encountered during the entire 18 week experiment. Bison rumen contents substi-
tuted 72.4% ± 1.80% and 71.0% ± 2.23% (DM basis) of the heifer rumen contents during the first and second 
transfer, respectively. The body weight (mean ± SD, kg) of heifers increased from 447 ± 26.7 kg to 475 ± 24.1 kg 
over the duration of the experiment (data not shown). However, the average daily gain of heifers did not differ 
between before vs. after transfers of rumen contents. Ruminal pH, total numbers of protozoa and the proportion 
of Isotricha within the protozoal population were numerically lower in ruminal contents from heifers as com-
pared to bison (Table 1).

Intake, digesta kinetics, gut fill, and total tract digestibility. Dry matter intake (kg) increased 
(P < 0.05) after rumen transfers on a daily as well as on a percentage of BW and a BW0.75 basis (Table 2). Although 
intake was increased after transfers, the fractional passage rate of solids and fluids did not differ (P > 0.10) 
between period, with the exception that the delay to first marker appearance in the fluid phase was longer 
(P = 0.02) after rumen transfers. Gut fill (total DM in gut) increased (P ≤ 0.02) after rumen transfers. The rumen 
transfers did not affect (P ≥ 0.44) apparent total tract digestibility of DM, OM, NDF or ADF, but it did increase 
N digestibility (P < 0.01).

Nitrogen utilization and ruminal microbial protein synthesis. After rumen transfers, N intake 
increased (P < 0.01), along with fecal and urinary N losses (P < 0.01; Table 3). Even with increased fecal and 
urinary losses, the increase in N intake and apparent total tract N digestibility (P < 0.01) resulted in an increase 
(P < 0.03) in the amount of retained N (g/d) as a result of rumen transfers. The flow of rumen microbial N (g/d) 

Item

Before 1st rumen transfer Before 2nd rumen transfer

Heifers Bison inoculum1 Heifers Bison inoculum1

Rumen DM content, kg 5.5 ± 1.08 — 5.5 ± 0.89 —

pH 6.76 ± 0.093 7.25 — 7.19

Protozoa

 Total, ×104 13.4 ± 4.28 34.4 28.2

 Entodinium, %2 83.3 ± 7.70 85.0 — 79.8

 Ostracodinium, %2 7.2 ± 6.69 1.8 — 3.9

 Metadinium, %2 2.9 ± 3.56 1.2 — 0.0

 Polyplastron, %2 2.3 ± 2.59 0.0 — 0.0

 Isotricha, %2 1.7 ± 2.34 7.4 — 10.6

 Eudiplodinium, %2 0.9 ± 1.17 0.7 — 2.1

 Diplodinium, %2 0.8 ± 1.39 0.7 — 1.4

 Dasytricha, %2 0.5 ± 0.93 2.5 — 1.4

 Ophryoscolex, %2 0.2 ± 0.51 0.2 — 0

 Epidinium, %2 0.1 ± 0.35 0.3 — 0.7

Chemical composition

 DM, % 9.5 ± 0.84 13.2 9.1 ± 0.98 12.0

 OM, % of DM 87.0 ± 2.01 87.3 86.6 ± 2.22 85.7

 CP, % of DM 12.6 ± 0.98 11.1 13.3 ± 0.86 14.4

 NDF, % of DM 68.7 ± 2.74 73.6 67.9 ± 2.47 69.9

 ADF, % of DM 44.6 ± 2.17 52.1 40.9 ± 1.36 39.7

Table 1. Chemical composition, pH and protozoa population of heifers’ rumen contents before rumen transfers 
and from the bison inoculum used in the rumen transfers. DM, dry matter; OM, organic matter; CP, crude 
protein; NDF, neutral detergent fiber; ADF, acid detergent fiber. 1From pooled samples of all the bison rumen 
contents used. 2% of total protozoa count.
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increased after rumen transfers (P = 0.03), but the efficiency of microbial N production (g/kg of digested OM) 
was not affected (P ≥ 0.77).

Ruminal pH profile and fermentation characteristics. Although small, a reduction (P ≤ 0.03) in mean 
and maximum pH was observed after rumen transfers (Table 4; Fig. 1). After rumen transfers, the pH was also 
lower at 6 h post feeding. Ruminal NH3-N (mM) before feeding was not affected (P = 0.77) by rumen transfers, 
but was higher (P = 0.05) 6 h after feeding. After rumen transfers, total VFA (mM) and the molar proportion 
of butyrate and valerate increased (P < 0.01) prior to and at 6 h after feeding, whereas the proportion of acetate 
and the C2:C3 ratio decreased (P ≤ 0.02) prior to and at 6 h after feeding. After rumen transfers isovalerate and 
isobutyrate proportions were higher (P < 0.01) before feeding, but were not affected (P ≥ 0.13) 6 h after feeding.

After rumen transfers total protozoa counts and the proportion of Ostracodinium increased (P < 0.01), 
whereas Entodinium decreased (P < 0.001) before and at 6 h after feeding (Table 5). Post ruminal transfer, 
there was also a tendency for the proportion of Metadinium to be lower (P ≤ 0.07) before and 6 h after feeding. 
Numbers of Polyplastron, Isotricha, Dasytricha and Epidinium were consistently low and often absent so as a result 
only their prevalence was reported. After rumen transfers, the prevalence of Epidinium increased (P < 0.01) both 
before and at 6 h after feeding. There was a tendency for a greater (P = 0.06) prevalence of Dasytricha before feed-
ing after rumen transfers. The proportion of Isotricha was higher in rumen digesta from bison than from heifers, 
but transfer of bison digesta did not increase Isotricha within the rumen contents of heifers.

Chewing activity. Total eating, ruminating and chewing time (hours per day) was not affected (P ≥ 0.10) 
by period of measurement (before vs. after rumen transfers; Table 6). However, as a result of higher DMI, heifers 
spent less time (P < 0.01) eating, ruminating and chewing per unit of feed intake (DM or NDF) after rumen 
transfers.

Item

Rumen transfers

SEM P-valueBefore After

Feed intake

 DM, kg/d 6.22 7.14 0.166 <0.01

 DM, % of BW 1.39 1.50 0.042 0.04

 DM, g/kg of BW0.75 64.1 70.3 1.88 <0.01

 OM, % of BW 1.30 1.40 0.032 0.04

 NDF, % of BW 0.93 0.99 0.029 0.03

 digested NDF, % 
of BW 0.48 0.51 0.019 0.37

Digesta kinetics1

 Solids

  Ks, %/h 2.22 2.10 0.097 0.26

  TD, h 11.6 10.1 0.86 0.11

  RMRT, h 47.0 48.3 2.09 0.57

  FMRT, h 6.82 7.13 0.261 0.32

  TMRT, h 65.4 65.5 2.35 0.98

 Fluids

  Ks, %/h 5.16 4.94 0.194 0.14

  TD, h 11.2 8.5 0.91 0.02

  RMRT, h 19.9 20.6 0.79 0.31

  FMRT, h 2.42 3.41 0.617 0.24

  TMRT, h 33.5 32.5 0.73 0.21

Total DM in gut, kg 12.5 14.3 0.52 0.01

Total DM in gut, % 
of BW 2.68 3.01 0.094 0.02

Apparent total tract digestibility, %

 DM 52.6 52.9 0.85 0.79

 OM 55.2 55.0 0.87 0.89

 NDF 51.8 50.9 1.25 0.55

 ADF 48.6 47.3 1.22 0.44

 N 63.3 66.5 0.72 <0.01

Table 2. Feed intake, digesta kinetics and total tract digestibility of heifers fed a barley straw diet before and 
after rumen content transfers from the bison. DM, dry matter; OM, organic matter; NDF, neutral detergent 
fiber; ADF, acid detergent fiber; N, nitrogen. KS (%/h) = ruminal passage rate; TD (h) = time delay to first 
marker appearance. RMRT (h) = ruminal mean retention time; FMRT (h) = first compartment mean retention 
time. TMRT (h) = total tract mean retention time = RMRT + FMRT + TD. 1Etimated by the nonlinear model 
with gamma-4 age dependency in the fast compartment (G4G1).
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Item

Rumen transfers

SEM P-valueBefore After

N intake, g/day 151 179 3.8 <0.01

Fecal N, g/day 55 60 1.5 <0.01

Urine N, g/day 90 108 2.7 <0.01

Retained N (RN), g/day 5.3 13.2 2.57 0.03

RN/N intake, % 3.2 7.2 1.53 0.07

RN/digested N, % 4.9 10.6 2.34 0.09

RN, g/kg of BW0.75 0.054 0.113 0.0310 0.14

Total purine derivatives, 
mmol/day 100.5 110.1 3.41 0.02

Allantoin, mmol/day 94.8 103.4 3.07 0.02

Uric acid, mmol/day 5.7 6.7 0.49 0.06

Microbial purines 
absorbed, mmol/day1 74.2 83.4 3.96 0.03

Microbial N flow, g/day1 53.9 60.6 2.88 0.03

Microbial N flow, g/kg of 
BW0.75 0.556 0.597 0.0249 0.17

Microbial N, g/kg of DOM2 16.9 16.7 0.84 0.77

Table 3. Nitrogen (N) utilization and ruminal microbial protein synthesis by heifers fed a barley straw diet 
before and after rumen content transfers from the bison. 1Estimated as described by Chen and Gomes64 using 
the urine purine derivative excretion. 2DOM, digested organic matter.

Item

Rumen transfers

SEM P-valueBefore After

Ruminal pH

 Mean 6.47 6.45 0.005 <0.01

 Minimum 6.11 6.07 0.040 0.17

 Maximum 6.76 6.74 0.016 0.03

 SD of mean pH 0.14 0.14 0.007 0.88

Immediately before feeding

 pH 6.70 6.66 0.025 0.27

 Ammonia-N, mM 5.52 5.59 0.206 0.77

 Total VFA, mM 88.8 104.7 2.37 <0.01

 Acetate, mol/100 mol 74.7 72.5 0.27 <0.01

 Propionate, mol/100 mol 18.2 18.5 0.20 0.24

 Butyrate, mol/100 mol 5.50 6.68 0.150 <0.01

 Isovalerate, mol/100 mol 0.95 1.04 0.022 <0.01

 Valerate, mol/100 mol 0.38 0.48 0.018 <0.01

 Isobutyrate, mol/100 mol 0.68 0.75 0.013 <0.01

 Acetate:Propionate 4.10 3.93 0.058 0.02

6 h after feeding

 pH 6.24 6.07 0.039 <0.01

 Ammonia-N, mM 7.80 8.80 0.461 0.05

 Total VFA, mM 106.4 123.0 3.08 <0.01

 Acetate (C2), 
mol/100 mol 71.2 69.6 0.27 <0.01

 Propionate (C3), 
mol/100 mol 20.1 20.4 0.173 0.17

 Butyrate, mol/100 mol 6.81 8.02 0.124 <0.01

 Isovalerate, mol/100 mol 0.64 0.59 0.028 0.13

 Valerate, mol/100 mol 0.65 0.85 0.022 <0.01

 Isobutyrate, mol/100 mol 0.57 0.55 0.013 0.24

 Acetate:Propionate 3.55 3.42 0.042 <0.01

Table 4. Ruminal pH profile of fermentation characteristics of heifers fed a barley straw diet before and after 
rumen content transfers from the bison.
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Figure 1. Mean daily ruminal pH of heifers fed a barley straw diet before and after rumen content transfers 
from the bison (5 days of measurement). No treatment or treatment × time interaction (P > 0.05) was observed.

Item  

Rumen transfers

SEM

P-value

Before After Time Transfer Time × Transfer

Total Protozoa, ×104

 Before feeding 7.5 10.0 0.55 0.02 <0.01 0.67

 6 h after feeding 6.4 8.5

Entodinium, %1

 Before feeding 73.1 57.2 2.77 0.35 <0.01 0.23

 6 h after feeding 67.8 57.9

Ostracodinium, %1

 Before feeding 7.2 21.2 1.88 0.35 <0.01 0.41

 6 h after feeding Item 7.0 18.2

Eudiplodinium, %1

 Before feeding 5.5 5.6 1.04 0.02 0.69 0.32

 6 h after feeding 7.2 7.9

Metadinium, %1

 Before feeding 6.7 5.8 1.00 0.24 0.07 0.51

 6 h after feeding 8.2 5.6

Diplodinium, %1

 Before feeding 4.9 4.6 1.16 0.71 0.27 0.32

 6 h after feeding 4.8 4.9

Prevalence2

 Polyplastron

  Before feeding 6.3 28.1 — 0.12 0.57 0.12

  6 h after feeding 6.3 3.1

Isotricha

 Before feeding 34.4 43.8 — 0.84 0.84 0.21

 6 h after feeding 43.8 31.3

Dasytricha

 Before feeding 21.9 53.1 — 0.88 0.13 0.06

 6 h after feeding 34.4 31.3

Epidinium

 Before feeding 6.3 25.0 — 0.77 <0.01 0.42

 6 h after feeding 3.1 34.4

Table 5. Ruminal protozoa population of heifers fed a barley straw diet before and after rumen content 
transfers from the bison. 1% of total protozoa count. 2% of the heifers that had at least one of the following 
protozoa genus. Data were analyzed as binomial distribution (yes or no) by the GLIMMIX procedure (SAS Inst. 
Inc.).
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Alpha-diversity measures. Rumen microbiota became more diverse and exhibited higher evenness as a 
result of the rumen transfers, as indicated by Chao1, Shannon and Simpson indices (P < 0.01; Table 7). Although 
there was a shift towards pre-transfer richness and evenness levels (Shannon and Simpson indices) on day 27 
after the second rumen transfer, complete restoration back to pre-rumen transfer populations was not achieved.

Bacterial composition of rumen microbiota. Phylogenetic analysis identified 20 phyla within the 
rumen microbiota, 13 of which had a relative sequence abundance <0.5% of the community, which included 
Armatimonadetes, Chlamydiae, Chloroflexi, Cyanobacteria, Elusimicrobia, Planctomycetes, SHA-109, 
Synergistetes, SR1, Tenericutes, TM6, TM7, and Verrucomicrobia. The four most abundant phyla in the rumen 

Rumen transfers

SEM P-valueBefore After

DMI, kg/d 5.9 7.2 0.13 <0.01

Chewing activity

 Eating activity

  h/d 5.7 5.6 0.11 0.20

  Min/kg of DM 58.6 47.6 1.75 <0.01

  Min/kg of NDF 88.8 72.1 2.69 <0.01

 Ruminating time

  h/d 8.1 8.3 0.18 0.10

  Min/kg of DM 82.9 70.2 1.60 <0.01

  Min/kg of NDF 125.8 106.4 2.58 <0.01

 Total chewing time

  h/d 13.9 13.9 0.18 0.74

  Min/kg of DM 141.6 117.8 2.61 <0.01

  Min/kg of NDF 214.6 178.5 4.16 <0.01

Table 6. Chewing activity of heifers fed a barley straw diet before and after rumen content transfers from the 
bison. DM, dry matter; NDF, neutral detergent fiber.

Alpha 
diversity 
index Bison inoculum

Rumen transfers

SEM P-value2Before After (d 1)1 After (d 27)1

OTUs 3303.0 ± 220.1 3771.9c 4300.5a 4158.8b 35.78 <0.001

Chao1 8875.0 ± 890.1 11841b 16787a 16785a 371.7 <0.001

Shannon 10.078 ± 0.166 10.179c 10.542a 10.428b 0.0342 <0.001

Simpson 0.9957 ± 0.0006 0.9954b 0.9962a 0.9959ab 0.00018 0.002

Table 7. Alpha-diversity indices of bacterial communities in the ruminal contents of heifers fed a barley straw 
diet before and after rumen content transfers from the bison. 1Days 1 and 27 after the second rumen transfer. 
2The P-values were adjusted for FDR using Benjamini-Hochberg method85. A threshold of P < 0.15 was applied 
to determine the significance. Within a row, means with different superscript are significantly different.

Phylum (%)
Bison 
inoculum

Rumen transfers

SEM P-value2Before After (d 1)1 After (d 27)1

Firmicutes 44.48 ± 0.45 40.53 41.61 39.05 0.012 0.22

Fibrobacteres 23.09 ± 2.10 25.04a 22.32b 25.34a 0.022 0.14

Bacteroidetes 20.04 ± 1.78 20.29 21.52 20.71 0.004 0.21

Spirochaetae 5.82 ± 0.40 6.13b 7.44a 6.44b 0.006 0.02

Actinobacteria 1.95 ± 0.31 1.78a 1.36b 1.44b 0.001 <0.001

Proteobacteria 1.44 ± 0.16 1.64a 1.43b 1.43b 0.001 0.01

Lentisphaerae 1.29 ± 0.15 1.35 1.39 1.22 0.002 0.44

Others (<0.5%) 1.88 ± 0.08 1.91b 1.79b 2.19a 0.11 <0.001

Table 8. Phylum-level taxonomic composition of the bacterial communities in the ruminal contents of heifers 
fed a barley straw diet before and after rumen content transfers from the bison. 1Days 1 and 27 after the second 
rumen transfer. 2The P-values were adjusted for FDR using Benjamini-Hochberg method85. A threshold 
of P < 0.15 was applied to determine the significance. Within a row, means with different superscript are 
significantly different.
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were Firmicutes, Fibrobacteres, Bacteroidetes, and Spirochaetae (Table 8). One day after the second rumen trans-
fer, the relative sequence abundances of Fibrobacteres decreased (P = 0.14) and Spirochaetae increased (P = 0.02), 
but after 27 days they were not different from pre-rumen transfer levels.

Actinobacteria and Proteobacteria decreased (P ≤ 0.01) after rumen transfers (day 1) and remained lower 
after 27 days compared to pre-rumen transfers abundancies. In addition, 27 days after rumen transfers the sum 
of the phyla with less than 0.5% relative sequence abundances (others) was higher (P < 0.001) than pre-rumen 
transfer levels.

A total of 16 families were identified with relative abundancies >0.5% (Table 9). The three most abun-
dant families were Fibrobacteraceae, Lachnospiraceae, and Ruminococcaceae. The relative abundancies of 
Christensenellaceae, Prevotellaceae and uncultured Bacteroidales increased (P < 0.05) and Lachnospiraceae, 
Veillonellaceae, BS11 gut group, Coriobacteriaceae and Victivallaceae decreased (P < 0.05) 27 days after rumen 
transfers as compared to pre-rumen transfers levels. Fibrobacteraceae and S24-7 decreased (P < 0.10), and Family 
XIII, Spirochaetaceae and RFP12 gut group increased (P < 0.01) one day after the transfers, but these returned to 
pre-transfers levels after 27 days. Only three families (Ruminococcaceae, Acidaminococcaceae and Rikenellaceae) 
were not affected (P > 0.15) by the rumen transfers.

Phylum Family (%)
Bison 
inoculum

Rumen transfers

SEM P-value2Before
After (d 
1)1

After (d 
27)1

Fibrobacteres Fibrobacteraceae 23.09 ± 2.10 25.09a 22.47b 25.47a 1.119 0.10

Firmicutes

Lachnospiraceae 15.93 ± 0.52 16.17a 15.61a 14.15b 0.479 0.02

Ruminococcaceae 16.12 ± 0.80 15.26 16.30 15.46 0.465 0.21

Christensenellaceae 6.90 ± 0.36 5.22b 5.93a 5.98a 0.272 0.07

Family XIII 2.48 ± 0.16 1.19b 1.38a 1.12b 0.061 0.006

Acidaminococcaceae 1.12 ± 0.07 0.93 0.86 0.93 0.039 0.30

Veillonellaceae 0.61 ± 0.03 0.69a 0.41c 0.56b 0.026 <0.001

Bacteroidetes

Prevotellaceae 7.87 ± 0.99 9.66c 11.32a 10.41b 0.356 0.004

S24-7 3.82 ± 0.25 4.30a 3.83b 4.41a 0.146 0.008

Rikenellaceae 2.92 ± 0.23 2.48 2.47 2.42 0.064 0.80

BS11 gut group 2.85 ± 0.34 1.98a 1.67b 1.51b 0.077 <0.001

Bacteroidales (uncultured) 0.61 ± 0.14 0.48c 0.59b 0.71a 0.037 <0.001

Spirochaetae Spirochaetaceae 5.73 ± 0.40 5.79b 7.15a 6.06b 0.006 0.01

Actinobacteria Coriobacteriaceae 1.74 ± 0.29 1.63a 1.23b 1.28b 0.085 <0.001

Lentisphaerae
Victivallaceae 0.40 ± 0.06 0.57a 0.57a 0.39b 0.048 0.01

RFP12 gut group (uncultured) 0.65 ± 0.08 0.46b 0.60a 0.44b 0.032 0.001

Others (<0.5%) 7.18 ± 0.36 6.90a 6.49b 6.70ab 0.147 0.04

Table 9. Family-level taxonomic composition of the bacterial communities in the ruminal contents of heifers 
fed a barley straw diet before and after rumen content transfers from the bison. 1Days 1 and 27 after the second 
rumen transfer. 2The P-values were adjusted for FDR using Benjamini-Hochberg method85. A threshold 
of P < 0.15 was applied to determine the significance. Within a row, means with different superscript are 
significantly different.

Bison 

Cattle (1 day after transfers) 

Cattle (before transfers) 

Cattle (27 day after transfers) 

PC3 (5.65%)

PC1 (8.87%)

PC2 (7.85%)

Figure 2. Principal coordinate analysis (PCoA) of ruminal bacterial OTUs from cattle before rumen content 
transfers and after transfers (days 1 and 27), and from the second bison inoculum used in the transfers. 
Proportion of variance explained by each principal coordinate axis is denoted in the corresponding axis label.
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Principle coordinate analysis of the Bray-Curtis similarity metric clearly showed that the microbial commu-
nity in the cattle prior to transfer was distinct from the community after transfer (Fig. 2). The rumen microbial 
community of the bison was distinct from the cattle both before and after transfers. There was a trend for the 
cattle rumen community to shift back towards the pre-transfer structure, but it did not return to pre-transfer 
levels within 27 days.

Correlation between digestibility variables and rumen microbiota. A Pearson correlation matrix 
was created to evaluate the relative impact of numbers and types of rumen protozoa and sequence abundance of 
the bacterial families with diet digestibility parameters (Table 10). Diet DM digestibility was positively correlated 
with Eudiplodinium (Pearson correlation coefficient (r) = 0.34, P < 0.05) and Metadinium (r = 0.44, P < 0.01). 
Metadinium was also strongly positively correlated with diet NDF (r = 0.54, P < 0.01) and ADF (r = 0.50, 
P < 0.01) digestibility. Apparent N digestibility was positively correlated with total rumen protozoa (r = 0.42, 
P < 0.05) and the relative sequence abundance of Christensenellaceae (r = 0.37, P < 0.05). Apparent N digestibil-
ity was negatively correlated with the relative sequence abundance of the BS11 gut group (r = −0.46, P < 0.01). 
The abundance of Ruminococcaceae was negatively correlated with Fibrobacteraceae (r = −0.63, P < 0.001) and 
positively correlated with Prevotellaceae (r = 0.47, P < 0.01).

Discussion
To investigate if members of the bison rumen microbiome could occupy favourable niches and potentially com-
plement those members of the community in cattle responsible for fiber degradation, we transferred bison rumen 
contents into the rumen of heifers fully adapted to a barley straw diet. A previous study that exchanged rumen 
contents between cows maintained on the same diet demonstrated that the host animal quickly re-establish its 
rumen microbiome after transfer19. Consequently, we decided to conduct the bison rumen content transfer twice 
to increase the likelihood that microbes associated with the degradation of the most recalcitrant fibre had the 
opportunity to establish in the rumen of heifers. As our intent was not just to modify the rumen microbes, but 
to try to make the population even more efficient than what it was before transfer, 30% of the heifers’ ruminal 
content wet weight was returned to the rumen of the original host.

Rumen content transfer across ruminant species may be a means of overcoming the problem of reduced 
environmental fitness promoted by laboratory culture methods. Transplantation of rumen contents has been 
successfully used to clinically treat indigestion and return the rumen to its normal function, and to convert toxic 
compounds found in some plants to harmless or even beneficial compounds20. The exchange of ruminal contents 
from non-fasted to fasted lambs has also been suggested to accelerate repletion of the protozoal population after 
re-alimentation21.

Studies on the transfer of rumen contents have also proven this technique to be an effective way to colonise 
protozoa-free rumens with specific protozoa species16, 22, 23. Limited information exists on the role of rumen 
protozoa in fiber degradation24, 25, but functional protozoal glycosyl hydrolases have been identified, successfully 
expressed and biochemically characterized26. Rumen fiber degradation depends on complex interactions between 
bacteria, protozoa and fungi and the plant cell wall. The specific contribution of rumen protozoa to fiber degra-
dation in the rumen of cattle fed high forage diets at low intakes has been modeled to be between 17 and 21%27. 
Recent studies have shown that fiber digestibility in sheep fed forage diets declined anywhere from 14 to 17% in 
protozoa-free as compared to faunated sheep17, 18. Protozoa may also stimulate fiber degradation in the rumen 
through indirect mechanisms. Ruminal ciliates are able to utilize low concentrations of O2, stabilizing ruminal 
metabolism28, 29. They also host epi- and endo-symbiotic methanogens that are protected from O2 toxicity30. 
Methanogens are strict anaerobes that through interspecies H2 transfer, utilize the H2 produced by fibrolytic 
microorganisms to reduce CO2 to CH4

31. Rumen ciliates are also involved in the initial stages of colonization and 
digestion of fiber13, 32. A recent meta-analysis showed that defaunated ruminants possessed a lower concentration 
of fibrolytic microbes including anaerobic fungi (−92%), R. albus (−34%) and R. flavefaciens (−22%). This was 
linked to lower fiber digestibility (−11%) and methane production (−11%)32, demonstrating the important con-
tribution that protozoa make to ruminal fiber degradation.

The high pH (>7.0) of the bison rumen contents used for the rumen transfers is most likely a reflection of 
the high forage diet (75:25 barley silage:oats diet, DM basis) along with fasting for ~12 h prior to slaughter. In 
the present study, the DMI (kg/d) increased over the duration of the experiment. However, in contradiction to 
our hypothesis, total diet and fiber digestibility were not improved by rumen transfers. If intake increased, with 
no change in the fractional passage or digestibility of digesta as a result of rumen transfers, the mass of rumen 

DM digestibility NDF digestibility ADF digestibility N digestibility Ruminococcaceae

Total protozoa 0.42*

Eudiplodinium 0.34*

Metadinium 0.44** 0.54** 0.50**

Christensenellaceae 0.37*

BS11 gut group −0.46**

Fibrobacteraceae −0.63***

Prevotellaceae 0.47**

Table 10. Pearson correlation coefficients between diet digestibility variables, total protozoa, and relative taxa 
abundances of ruminal protozoa and bacteria. *P < 0.05; **P < 0.01; ***P < 0.001.
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contents must have also increased. This is supported by the increase in total DM in the gut (% of BW) calculated 
after rumen transfers. The reticuloruminal capacity seems to have increased at a rate faster than that of BW 
because intake as % of BW and as g per kg of BW0.75 was also higher after transfer of rumen contents. Increase 
in the reticulorumen as a proportion of empty BW and in reticulorumen contents in ruminants fed low-quality 
forage compared with high-quality forage have been previously observed33–36. In the present study, heifers fed a 
barley straw diet most likely increased the mass of the reticulorumen as a proportion of empty BW as a way to 
increase total digestible energy intake in an effort to meet energy demand. As we did not have a control group that 
was not subjected to rumen content transfer, it is not possible to say if this increase in intake was due to the rumen 
content transfers, or the advancing age of the heifers and physiological adaptation to the diet.

Previous studies with faunated and protozoa-free ruminants have documented that the role of protozoa in 
feed protein degradation becomes more important as diet protein solubility decreases37, 38. The increase in diet N 
digestibility as a result of the bison rumen content transfer is consistent with the increase in total protozoa counts. 
The present study is in agreement with these previous observations and shows the importance of protozoa in 
feed protein degradation when heifers were fed a diet with low protein solubility. In addition to protozoa, the 
Pearson correlation analysis indicated that the increase in N digestibility was also associated with an increase in 
the relative sequence abundance of Christensenellaceae and a decrease in the uncultured BS11 group. Members 
of the Christensenellaceae are anaerobic, gram-negative rod shaped cells with this family only being recently 
described39. One of its members, Christensenella minuta, has been shown to produce acetic and butyric acids as 
end products from the fermentation of glucose39, but little is known about its function within the gut microbiome. 
An interesting study by Goodrich et al.40, reported that Christensenellaceae were enriched in the gut of humans 
with low body mass index, and inoculation of germfree mice with C. minuta, reduced weight gain and caused 
shifts in the murine gut microbiome. These results confirm that Christensenellaceae abundance has an important 
role in regulating the gut microbiome. Recent metagenomic analysis of the uncultured BS11 gut group revealed 
their role in hemicellulose degradation, producing butyrate and acetate as end products of fermentation in the 
rumen41. The BS11 group was shown to be enriched in the rumen of Alaskan moose fed winter diets which are 
lower in protein and higher in hemicellulose and lignin as compared to spring and summer diets41. In the present 
study, the negative relationship between N digestibility and the relative sequence abundances of uncultured BS11 
may suggest that this group is adapted to conditions of lower N availability in the rumen.

Although N intake and digestibility were increased, the efficiency of microbial N production (g/kg of digested 
OM) was not affected, and retained N as percentage of N intake or N digested only showed a tendency to increase. 
The low digestible energy content of the diet may have limited the availability of carbon skeletons for microbial 
protein synthesis and also stimulated the hepatic catabolism of amino acids as an energy source, leading to an 
increase in urinary N excretion.

Transfer of rumen contents from bison to cattle was an effective way of increasing the total number and diver-
sity of the protozoa population. The increase in total protozoa numbers was mainly attributable to Ostracodinium. 
Ostracodinium grows on ground straw and possesses one of the highest concentrations of cellulases and 
β-glucosidases of the rumen ciliates13. The disturbance of the rumen environment caused by the rumen transfers 
associated with the high fibrous barley straw diet fed to the heifers may have created favorable conditions for the 
establishment and growth of Ostracodinium, compared to other rumen ciliates.

The small reduction in ruminal pH and the increase in NH3-N and total VFA after rumen transfers are con-
sistent with an increase in DMI and N digestibility. Increase in ruminal NH3-N concentration seems also to be 
associated with higher numbers of protozoa in rumen contents, as a result of the proteolytic activity of these 
eukaryotes against bacteria17, 42 and their role in the degradation of feed protein43. Ruminal oxidative-deamination 
and decarboxylation of valine, leucine, and isoleucine are the primary source of branched-chain VFA in the 
rumen44. Hence, the higher molar proportions of the branched-chain VFA (valerate, isovalerate and isobutyrate) 
are most likely a reflection of the higher feed protein degradation and turnover of bacterial protein in the rumen 
as a result of increased protozoa numbers after rumen transfers. The major fiber degrading bacteria (i.e. R. albus, 
R. flavefaciens, F. succinogenes, and Butyrivibrio fibrisolvens) require branched-chain VFA for growth45–47. In addi-
tion, some studies also observed that ruminal supplementation with branched-chain VFA can improve ruminal 
fiber degradation in vitro and in vivo46, 48–50. Although branched-chain VFA increased after rumen transfers, fiber 
digestibility was not improved, suggesting that branched-chain VFA concentrations were not limiting fiber deg-
radation. The increased proportion of butyrate seems also to be related to the increase in the numbers of protozoa 
because butyrate and acetate are the main VFA produced as the result of fermentation of starch and cellulose by 
protozoa13, 51, 52. Increased butyrate formation may also be a result of an increase in acetate to butyrate conversion 
in the rumen via butyryl CoA:acetate CoA transferase53–55. Sutton et al.55 labeled VFA with 14C and found that up 
to 64% of the carbon in butyrate originated from acetate. The small reduction in the proportion of acetate, and 
consequently in the C2:C3, is likely a result of the increased conversion of acetate to butyrate as well as rumen 
microorganisms using acetate for amino acid biosynthesis.

Total daily eating, ruminating and chewing (eating + ruminating) activity (h/d) were not affected by rumen 
transfer. However, as DMI increased, the eating, ruminating and chewing time required per unit of DM or NDF 
(min/kg of DM or NDF) decreased. Eating, ruminating and total chewing time per kg of cell wall constituents 
have been shown to be negatively correlated to age and BW of heifers56–58. This is consistent with the present study 
because heifers were growing and were heavier in the period after rumen content transfers. Heifers appeared 
to have reached their maximum daily ruminating time (~8 h) as previously documented by Welch56, where the 
maximum time spent ruminating was 8 to 9 h/d for most ruminants. Interestingly, although chewing time per kg 
of DM or NDF were reduced after rumen transfer, diet digestibility was not negatively affected. This seems to be a 
result of more efficient bites in older heifers promoting more effective comminution of the ingested feed59. More 
efficient mastication as heifers age is consistent with the developmental stage of the teeth58, 60.
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Conclusion
Repeated inoculation of the rumen of cattle with bison rumen contents successfully altered the rumen micro-
biome in cattle. The relative numbers of protozoa and sequence abundance of several families of bacteria were 
altered as a result of rumen content exchange and these changes were maintained over time. Furthermore, trans-
fer of rumen contents increased protein digestibility and nitrogen retention and altered the proportion of VFAs. 
However, in contradiction to our hypothesis DM and NDF digestibility in cattle was not improved by the inoc-
ulation of the rumen with bison rumen contents. Future studies should explore the potential for direct transfer 
of rumen contents with enhanced anaerobic fungal populations to improve the digestion of recalcitrant forages 
in cattle.

Materials and Methods
Ethics Statement. All procedures and protocols used in this study were reviewed and approved by the 
Animal Care Committee at the Lethbridge Research and Development Centre of Agriculture and Agri-Food 
Canada. Care and management of heifers followed the guidelines of the Canadian Council on Animal Care61.

Experimental design, animals, housing, diet and measurement procedures. The experiment was 
a repeated measure design with one treatment (rumen transfers) that had two levels (before and after rumen trans-
fers), with 16 heifers as experimental units. The study was conducted using rumen fistulated Angus × Hereford 
cross beef heifers [461 ± 21 kg body weight (BW); age = 14 ± 2 months]. The heifers were housed in tie stalls on 
rubber mats bedded with wood shavings for the 18 week study and were exercised for 2 h daily in an open drylot. 
Before the start of the study, heifers were treated with 1% w/v ivermectin (Ivomec®, Merial Canada Inc., Baie 
D’Urfé, Quebec, Canada).

Heifers were fed a barley straw diet consisting of 70:30 forage-to-concentrate [dry matter (DM) basis; 
Table 11] formulated to meet or exceed protein, mineral and vitamin requirements of beef heifers weighing 450 kg 
and gaining 1.0 kg/d62. The amount of concentrate (protein supplement) fed to each heifer was calculated as 30% 
of total DM intake of the previous week (7 days). Barley straw was chopped to 6 to 10 cm and the concentrate was 
fed at 0930 h. Heifers were allowed 30 min to consume concentrate before being offered barley straw. Barley straw 
was provided ad libitum so as to ensure 10 to 20% orts. On the beginning of each week, total DM intake from the 
previous week was calculated for each heifer and the amount of concentrate provided to each heifer was adjusted 
as described above. Heifers were adapted to the barley straw diet for 28 days prior to the start of the 126 day 
experiment (18 weeks). Intake, chewing activity, ruminal fractional rate of passage of fluids and solids, total tract 
digestibility, rumen fermentation, and the bacterial and protozoal communities were examined at defined periods 
as outlined in Fig. 3. Forty-six days after the start of the experiment (on week 6), ~70% of rumen contents were 
removed from each heifer and replaced with mixed rumen contents collected immediately after the slaughter of 
32 bison. This entire procedure was repeated a second time 14 d later. Bison were maintained on a mixed grass 
pasture prior to being finished for 90 days using a 75:25 barley silage:oats diet (DM basis). Bison were approxi-
mately 24 months of age at slaughter.

To measure the ruminal fractional rate of passage, heifers were blocked by weight and divided into 2 groups of 
8, and measurements were obtained from each group in consecutive weeks (one group per week; Fig. 3). For other 
measurements, the two groups of heifers were further divided into sub-groups of 4 heifers and measurements 
were obtained as outlined in Fig. 3, both before the first rumen transfer and 14 d after the second rumen transfer. 
Full body weight was recorded just before feeding every 4 weeks and on 2 consecutive days at the beginning and 
the end of the study to determine gain or loss of BW.

Rumen transfers. The purpose of two rumen transfers was to increase the likelihood that microbes asso-
ciated with the degradation of the most recalcitrant fibre (bison inoculum) had the opportunity to establish in 
the rumen of the heifers. Whole bison rumens (n = 32) were collected at a commercial abattoir immediately after 
slaughter with the end of the esophagus and the junction between the pylorus and the small intestine sealed using 
plastic zip ties. Rumens along with the omasum and abomasum were placed in large plastic bags inside an insu-
lated container and immediately transported to the Lethbridge Research and Development Centre (LRDC) in a 
heated truck. At the metabolism barn, bison rumens were opened and the contents were poured into a holding 

Chemical 
composition Barley straw1 Concentrate2

Diet consumed 
before transfers3

Diet consumed 
after transfers3

DM, % 92.0 ± 0.89 92.4 ± 0.41 92.5 ± 0.01 92.5 ± 0.01

OM, % of DM 92.8 ± 1.59 90.1 ± 0.36 92.0 ± 0.07 92.0 ± 0.03

CP, % of DM 6.3 ± 1.17 38.3 ± 0.37 15.2 ± 0.82 15.8 ± 0.33

NDF, % of DM 78.0 ± 3.89 37.6 ± 1.41 66.7 ± 1.04 66.0 ± 0.41

ADF, % of DM 46.6 ± 3.46 16.0 ± 0.65 38.1 ± 0.79 37.6 ± 0.31

Table 11. Chemical composition of the barley straw and concentrate fed to heifers and diets consumed during 
each period. DM, dry matter; OM, organic matter; CP, crude protein; NDF, neutral detergent fiber; ADF, acid 
detergent fiber. 1Fed to achieve 70% of diet DM. 2Fed to achieve 30% of diet DM. Composition (DM basis): 
66.7% of corn dried distillers grains with solubles, 26.6% of canola meal, 4.2% calcium carbonate, 1% of urea, 
0.8% dicalcium phosphate, 0.5% salt, 0.17% feedlot premix, and 0.01% vitamin E. Feedlot premix supplied per 
kg of diet DM: 65 mg of Zn, 28 mg of Mn, 15 mg of Cu, 0.7 mg of I, 0.2 mg of Co, 0.3 mg of Se, 6000 IU of vitamin 
A, 600 IU of vitamin D, and 47 IU of vitamin E. 3Diet consumed during the 5 days total collection period.
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tank, mixed and maintained at 39 °C and continuously flushed with O2-free CO2. The rumen contents from each 
heifer were completely evacuated just before feeding and placed inside a sealed insulated container and weighed. 
Contents were mixed and 30% of the wet weight was returned to the rumen of the individual from which it was 
collected to ensure that the ruminal microbes that were adapted to the degradation of barley straw were retained. 
As a result, pooled bison rumen contents replaced 70% of contents within the rumen of cattle. Immediately before 
the rumen transfer, samples of rumen contents from individual heifers and the pooled bison rumen contents were 
collected for subsequent analysis of chemical composition, pH, VFA concentration, NH3-N concentration, and 
protozoa. The entire rumen transfer procedure was repeated a second time 14 days later, using another 32 bison 
rumens that were from the same source as previously described. Samples of rumen contents from individual 
heifers and the pooled bison rumen contents were also collected immediately before the second rumen transfer 
for analysis as described above. All rumen transfers were completed within 4 h from the time of initial collection 
of bison rumen contents at the slaughter plant.

Feed intake. Individual intakes were recorded daily throughout the study by weighing the amount of feed 
offered and amount of feed refused. Samples from the feed and orts were collected weekly. During the period to 
estimate total tract digestibility, daily samples of feed offered and orts were collected and pooled by animal and by 
period. Samples from the feed and orts were dried in an oven at 55 °C for 72 h and used to determine DM, organic 
matter (OM), nitrogen (N), neutral detergent fiber (NDF), and acid detergent fiber (ADF) intake.

Chewing activities. Chewing behavior was monitored using 4 video cameras (WV-CP474; Panasonic, 
Mississauga, ON, Canada) with vari-focal lens (2.8–12 mm; Tamron Co. Ltd., Saitama City, Japan). Each camera 
was positioned in front of the heifer tie stalls (1.73 m off the floor and 2.44 m from the tie rail). Video was recorded 
for 5 days (24 h/d) during each period onto 1 of 4 time-lapse video cassette recorders (AG-RT650 Panasonic) 
connected to the cameras. The videotapes from the 5 days of each period were viewed and summarized by one 
trained observer. The chewing activity (eating and ruminating) of each heifer was recorded for each minute of the 
day. Chewing activities were expressed as total hours for the 24-h period and on the basis of DM and NDF intake 
by dividing minutes of eating or ruminating by intake63.

Total tract digestibility. Apparent total tract digestibility of nutrients was estimated by total collection of 
urine and feces for 5 days. Heifers were fitted with urinary catheters (Bardex Lubricath Foley catheter, 75 c.c. and 
26 Fr.; Bard Canada Inc., Oakville, ON, Canada) to ensure separate collection of urine and feces. Loss of NH3 
from urine was prevented by acidifying urine with 4 N H2SO4 so that urine pH remained <2 during collection. 
Total output of urine and feces were measured every 24 h and samples were thoroughly mixed and subsampled. 
An aliquot of the daily urine was diluted with distilled water at a ratio of 1:5 to prevent precipitation of uric acid64 
and stored at −20 °C until analyzed for total N and purine derivatives. A sample (≈500 g) of the feces pooled over 

Figure 3. Experimental layout. The 16 heifer were divided in 2 groups of 8 animals of similar average body 
weight (G1 and G2) for the fractional rate of passage study. These 2 groups were further sub-dived in 4 groups of 
4 heifers each with similar average body weight (G1A, G1B, G2A and G2B) for the other measurements. Rumen 
sampling for Bacterial composition were conducted in all the heifers in the same days.
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5 days was dried for 72 h at 55 °C in an oven to a constant weight. The fecal samples were analyzed for DM, ash, 
N, NDF, and ADF. Urine samples were also dried at 55 °C before N analysis. Apparent digestibility of nutrients 
was calculated by the difference between intake and fecal output of the nutrient. Retention of N was calculated by 
the difference between digested N and urinary N output. Ruminal microbial protein synthesis was estimated by 
measuring allantoin and uric acid in urine as described by Chen and Gomes64. Total microbial purine absorption 
(mmol/day) was calculated as:

= − . × .Purine absorption (total PD excretion 0 385 BW )/0 8575

where total PD excretion = total purine derivatives excretion in mmol/day; and 0.85 is the efficiency of absorption 
of purines64.

Ruminal microbial protein synthesis (g/day) was calculated as:

= × . × . ×microbial N (purine absorption 70)/(0 116 0 83 1000)

where purine absorption is in mmol/day; 70 is the N content of purines (mg N/mmol); 0.116 is the ratio of 
purine-N:total-N for mixed rumen microbes; and 0.83 is the digestibility of microbial purines64.

Digesta kinetics and gut fill. Ytterbium-labeled NDF (Yb-NDF) was used as a marker for fractional solid 
passage rates. Barley straw was cut into 6-cm lengths, boiled (80 °C for 1 h) using a commercial detergent without 
EDTA to remove cell solubles, and labelled with Yb as described by Mambrini and Peyrand65. The fractional 
passage rate of fluids was measured using LiCo-EDTA as a marker as described by Uden et al.66. Heifers received 
a single dose of 146 g of Yb-NDF and 15 g of LiCo-EDTA via the cannula at the time of the morning feeding. The 
Yb-NDF was placed in the rumen and LiCo-EDTA was administered using a plastic funnel connected to a flexi-
ble tube directly into the ventral sac of the rumen. After dosing the markers no attempts were made to manually 
mixture the markers with the rumen contents as described by Zebeli et al.67. Fecal grab samples were taken at 0 
(before dosing and immediately before feeding), 4, 8, 12, 16, 20, 24, 32, 40, 48, 60, 72, 84, 96, 120, and 144 h after 
dosing to determine the fractional passage rates of digesta. Samples were dry-ashed and fecal marker concentra-
tions of Yb and Co were determined using Inductively Coupled Plasma Emission Spectroscopy according to the 
AOAC68, but without CaCl2 during sample digestion.

Fecal Yb and Co excretion curves were fitted to a 2-compartment model, both as age-independent and 
age-dependent models, as described by Moore et al.69. These models estimate fractional passage rates from 2 
compartments [slow (kS, passage out of the rumen) and fast (kF, lower digestive tract)] and include a time delay. 
Total mean retention time in the digestive tract (TMRT) was calculated as time delay plus the sum of the mean 
retention time in the rumen (RMRT) and in the lower digestive tract (FMRT). Data were analyzed by the NLIN 
procedure (iterative Marquardt method) of SAS (SAS Institute Inc., Cary, NC, USA). The criteria of Moore et al.69  
were used to identify the best-fit model and the nonlinear model with gamma-4 age dependency in the fast com-
partment (G4G1) was selected.

The total DM present in gut was calculated using the following equation which assumes a linear absorption of 
nutrients during TMRT of solids70:

= × − ×Total DM in gut DMI [1 (DMD/2)] TMRTs

where DMI = dry matter intake (kg/h); DMD = apparent total tract DM digestibility; and TMRTs = total mean 
retention time in the digestive tract of the solids (h).

Ruminal sampling for VFA, NH3-N, protozoa and pH measurements. Ruminal contents were col-
lected from the reticulum, ventral, caudal and dorsal-ventral sac of the reticulo-rumen of each heifer prior to 
the morning feeding and at 6 h after feeding. Prior to the morning feeding and just after sampling of ruminal 
contents, an indwelling LRC pH meter (Dascor, Inc., Escondido, CA) was inserted into the rumen and ruminal 
pH was recorded every minute for 5 days. The pH data logger was retained in the ventral sac by a 0.5 kg sealed 
stainless steel weight and anchored by 60 cm of cable connected to the ruminal cannula plug. Prior to insertion, 
electrodes were calibrated using pH 4 and 7 buffers. Ruminal pH data were summarized for daily average, min-
imum, maximum and standard deviation (SD) of mean pH. Ruminal contents were sampled again 5 days later 
prior to the morning feeding and at 6 h after feeding upon removal of the pH meters. This same sampling proce-
dure described above was repeated after the second rumen transfer.

Rumen contents from each heifer were combined, thoroughly mixed and strained through two layers of 
PECAP nylon (pore size 355 μm; Sefar Canada Inc., Ville St. Laurent, Canada). After pH was measured, sam-
ples of the collected fluid (5 mL) were mixed with 1 mL of 25% (wt/vol) metaphosphoric acid for VFA analysis, 
with 1 mL of 1% H2SO4 for NH3-N determination. An additional 5 mL of rumen fluid was mixed with 5 mL 
methyl green formalin-saline solution for later enumeration and identification of protozoa. Samples were stored 
at −20 °C until analyzed for VFA and NH3-N. Protozoa samples were stored in the dark at room temperature until 
examined. Protozoa were enumerated and genera identified by light microscopy using a Levy-Hausser counting 
chamber (Hausser Scientific, Horsham, PA, USA) as described by Dehority71. Each sample was enumerated in 
duplicate and the average value was used for data analysis. If the average of the duplicates differed by more than 
10%, counts were repeated.

Chemical analysis. Feed, orts and fecal samples were ground to pass a 1-mm screen (standard model 4 
Wiley mill, Arthur H. Thomas, Philadelphia, PA, USA) for chemical analysis. Subsamples (5 g) were further 
ground using a ball grinder (Retsch MM 400, Newtown, PA, USA) and analyzed for N by flash combustion (Carlo 
Erba Instruments, Milan, Italy). Crude protein was calculated as N × 6.25. Urine samples were also analyzed for 
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N as described above. Both NDF and ADF were determined by the sequential method with the F57 ANKOM 
filter bag (pore size 25 μm) and ANKOM200 Fiber Analyzer (ANKOM Technology, Macedon, NY, USA) using 
reagents as described by Van Soest et al.72, with the addition heat-stable α-amylase and sodium sulfite in the NDF 
procedure and expressed inclusive of residual ash. Ash content was determined by combustion of samples in a 
muffle furnace at 550 °C for 5 h.

Ruminal VFA concentrations were quantified by gas chromatography (model 5890A Series Plus II, Hewlett 
Packard Co., Palo Alto, CA, USA). The chromatograph was equipped with a 30-m Zebron free fatty acid phase 
fused silica capillary, 0.32-mm i.d. and 1.0-μm film thickness column (Phenomenex, Torrance, CA, USA). For 
VFA 0.1 M crotonic acid was used as an internal standard, as described by Bevans et al.73. The NH3-N concen-
tration in rumen fluid was analyzed by the phenol-hypochlorite method as described by Broderick and Kang74.

Uric acid in urine samples was determined by a colorimetric procedure using a commercial kit (MAK077, 
Sigma-Aldrich Co., St. Louis, MO, USA) and allantoin in urine samples was determined by a colorimetric method 
as described by Young and Conway75.

Rumen content sampling for RNA extraction and bacterial composition. Rumen content samples 
were obtained in the morning, immediately before feeding, before heifers received the first rumen inoculum 
transfer, and after 1 and 27 days of the second rumen inoculum transfer. Rumen contents from bison used as 
inoculum in the second rumen transfer was also sampled for subsequent analysis. The samples were transferred 
to 250 ml beakers and the solid and liquid phases were separated using a Bodum coffee filter plunger (Bodum Inc., 
Triengen, Switzerland). Subsamples of solid digesta (~5.0 g) were immediately flash-frozen in liquid N and stored 
at −80 °C until further processing.

Total RNA was isolated from rumen solids according to Wang et al.76. Total RNA quality was verified by run-
ning the samples on RNA 6000 nano chip (Agilent Technologies, Mississauga, Ontario, Canada) on an Agilent 
2100 BioAnalyzer (Agilent Technologies).

PCR amplification and 16S rRNA aomplicon sequencing. Bacterial 16S rRNA genes were ampli-
fied using the primers Bact_341F (5′-TATGGTAATTGTACTCCTACGGGNGGCWGCAG-3′) and Bact_806R 
(5′-AGTCAGTCAGCCGGACTACHVGGGTATCTAAT-3′)77, 78. The dual barcode assay adapted for the Illumina 
MiSeq sequencer (Illumina Inc., San Diego, USA) was used. Each primer contained the Illumina adapter 
sequence, unique barcode, spacer and forward or reverse primer. For each cDNA sample, 20 μL of reaction mix 
was prepared containing 1 μL cDNA, 1 μL of each barcoded primer (1 μM), 7 μL of molecular biology grade H2O, 
and 10 μL of KAPA2G Robust Hotstart ReadyMix (Kapa Biosystems, Wilmington, USA). The PCR reaction con-
ditions were as follows: initial denaturation at 95 °C for 5 min; 20 cycles of denaturation (95 °C, 20 s), annealing 
(55 °C, 15 s) and elongation (72 °C, 5 min); and a final 10-min extension at 72 °C. Each cDNA sample was ampli-
fied in duplicate, and 3 wells per run served as a negative control for the master mix. After amplification, dupli-
cate PCR products were pooled, and the correct sizes of PCR products and the absence of signal from negative 
controls were further verified through agarose gel electrophoresis. Quantitation of amplicons was performed in a 
Synergy HTX Multi-Mode Microplate Reader (model SIAFRM, Bio-Tek Instruments Inc., Winooski, USA) using 
a Quant-iT dsDNA Assay Kit (Thermo Fisher Scientific, Waltham, USA). The amplicons were pooled in equimo-
lar concentrations and purified using Agencourt AMPure XP beads (Beckman Coulter Inc., Brea, USA) and then 
further quantified as described above. The amplicon library was combined with 10% PhiX control library and 
sequenced in the Illumina MiSeq (Illumina Inc., San Diego, USA).

Bacterial diversity analysis. The quality of reads in the raw fastq files from the MiSeq were checked using 
the program FastQC79. Raw reads with an average quality score <20 over a 4 bp sliding window and reads with 
lengths shorter than 36 bp were removed using Timmomatic v0.3380. Paired end reads were merged with PEAR 
v0.9.8 using default parameters81 and unassembled reads were discarded. The remaining merged, high quality 
reads were used for sequence analysis, OTU detection, taxonomic assignment and phylogenetic analysis with 
QIIME 1.982. The sequences were clustered into Operational Taxonomic Units (OTUs) using the de novo OTU 
picking workflow within QIIME using a 97% similarity threshold.

Alpha and Beta diversity metrics were calculated using QIIME. Alpha-diversity of samples was assessed by 
comparing Chao1, Shannon, and Simpson metrics, the number of observed OTUs, and the taxonomic abun-
dance. Sequences were subsampled to the lowest number of sequences found in all samples (9,888 reads) to 
ensure alpha- and beta-diversity analysis used the same number of sequences per sample. The beta diversity of the 
samples was compared using the Bray-Curtis dissimilarity index83. Principal coordinate analysis of Bray-Curtis 
dissimilarity indices was carried out and the differences in community structure were visualized with a three 
dimensional principal coordinate analysis (PCoA) plot.

Statistical Analysis. Data were analyzed using the MIXED procedure (SAS Inst. Inc., Cary, NC) with period 
(before the rumen transfers and after the second rumen transfer) included as fixed effect and heifers as random 
effect. Period was treated as repeated measures to account for possible correlations between the two measure-
ments collected on each animal. Total protozoa and the Entodinium, Ostracodinium, Eudiplodinium, Metadinium 
and Diplodinium populations were also analyzed as a repeated measures design, but with transfer, sampling time 
(before feeding and 6 h after feeding) and the transfer × time interaction included as fixed effects in the model. 
The GLIMMIX procedure (SAS Inst. Inc.) was used to analyze the prevalence (% of the heifers that had at least 
one of the specific protozoa genus) of the Polyplastron, Isotricha, Dasytricha, Epidinium populations. Differences 
were declared significant at P < 0.05.

To compare the changes in bacterial abundance as a result of rumen transfer, the relative sequence abundance 
of bacterial phyla was arcsine-square-root transformed84, and then analyzed as repeated measures with a model 
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similar to the described above to compare the differences among sampling days [before transfers (day 0) and after 
the second transfers (days 1 and 27)]. Comparison of bacterial sequence abundance at the family level was sub-
jected to a similar repeated measures analysis, but because it was normally distributed, transformation was unnec-
essary. False discovery rate (FDR) corrected P-values were calculated using the Benjamini-Hochberg method85, 
and differences in bacterial taxa abundance were declared significant at FDR-corrected P-value < 0.1586.

Pearson correlation coefficients between diet digestibility variables, total protozoa, and relative taxa abun-
dances of ruminal protozoa and bacteria were analyzed using the PROC CORR procedure of SAS.

References
 1. Morgavi, D. P., Kelly, W. J., Janssen, P. H. & Attwood, G. T. Rumen microbial (meta)genomics and its application to ruminant 

production. Animal. 7, 184–201, doi:10.1017/S1751731112000419 (2013).
 2. Horton, G. The intake and digestibility of ammoniated cereal straws by cattle. Can. J. Anim. Sci. 58, 471–478, doi:10.4141/cjas78-060 

(1978).
 3. Richmond, R. J., Hudson, R. J. & Christopherson, R. J. Comparison of forage intake and digestibility by American bison, yak, and 

cattle. Acta Theriol. 22, 225–230, doi:10.4098/0001-7051 (1977).
 4. Hawley, A., Peden, D., Reynolds, H. & Stricklin, W. Bison and cattle digestion of forages from the Slave River Lowlands, Northwest 

Territories, Canada. J. Range Manage. 34, 126–130, doi:10.2307/3898128 (1981).
 5. Hawley, A., Peden, D. & Stricklin, W. Bison and Hereford steer digestion of sedge hay. Can. J. Anim. Sci. 61, 165–174, doi:10.4141/

cjas81-022 (1981).
 6. Peden, D. G., Van Dyne, G. M., Rice, R. W. & Hansen, R. M. The trophic ecology of Bison bison L. on shortgrass plains. J. Appl. Ecol. 

11, 489–497, doi:10.2307/2402203 (1974).
 7. Varel, V. H. & Dehority, B. A. Ruminal cellulolytic bacteria and protozoa from bison, cattle-bison hybrids, and cattle fed three alfalfa-

corn diets. Appl. Environ. Microbiol. 55, 148–153 (1989).
 8. Towne, G. et al. Comparisons of ruminal fermentation characteristics and microbial populations in bison and cattle. Appl. Environ. 

Microbiol. 54, 2510–2514 (1988).
 9. Weimer, P. J. Redundancy, resilience, and host specificity of the ruminal microbiota: implications for engineering improved ruminal 

fermentations. Front. Microbiol. 6, 296, doi:10.3389/fmicb.2015.00296 (2015).
 10. Varel, V. H., Yen, J. T. & Kreikemeier, K. K. Addition of cellulolytic clostridia to the bovine rumen and pig intestinal tract. Appl. 

Environ. Microbiol. 61, 1116–1119 (1995).
 11. Krause, D. O., Smith, W. J., Ryan, F. M., Mackie, R. I. & McSweeney, C. S. Use of 16S-rRNA based techniques to investigate the 

ecological succession of microbial populations in the immature lamb rumen: tracking of a specific strain of inoculated Ruminococcus 
and interactions with other microbial populations in vivo. Microb. Ecol. 38, 365–376, doi:10.1007/s002489901006 (1999).

 12. Chiquette, J., Talbot, G., Markwell, F., Nili, N. & Forster, R. Repeated ruminal dosing of Ruminococcus flavefaciens NJ along with a 
probiotic mixture in forage or concentrate-fed dairy cows: Effect on ruminal fermentation, cellulolytic populations and in sacco 
digestibility. Can. J. Anim. Sci. 87, 237–249, doi:10.4141/A06-066 (2007).

 13. Williams, A. G. & Coleman, G. S. The rumen protozoa. (Springer Science & Business Media, 1992).
 14. Naga, M. A., Abou Akkada, A. R. & el-Shazly, K. Establishment of rumen ciliate protozoa in cow and water buffalo (Bosbubalus L.) 

calves under late and early weaning systems. J. Dairy Sci. 52, 110–112, doi:10.3168/jds.S0022-0302(69)86510-0 (1969).
 15. Imai, S., Katsuno, M. & Ogimoto, K. Distribution of rumen ciliate protozoa in cattle, sheep and goat and experimental transfaunation 

of them. Jpn. J. Zootech. Sci 49, 494–505, doi:10.2508/chikusan.49.494 (1978).
 16. Imai, S., Matsumoto, M., Watanabe, A. & Sato, H. Establishment of a spinated type of Diplodinium rangiferi by transfaunation of the 

rumen ciliates of Japanese sika deer (Cervus nippon centralis) to the rumen of two Japanese shorthorn calves (Bos taurus taurus). J. 
Eukaryot. Microbiol. 49, 38–41, doi:10.1111/jeu.2002.49.issue-1 (2002).

 17. Belanche, A. et al. Study of the effect of presence or absence of protozoa on rumen fermentation and microbial protein contribution 
to the chyme. J. Anim. Sci. 89, 4163–4174, doi:10.2527/jas.2010-3703 (2011).

 18. Belanche, A., de la Fuente, G. & Newbold, C. J. Effect of progressive inoculation of fauna-free sheep with holotrich protozoa and 
total-fauna on rumen fermentation, microbial diversity and methane emissions. FEMS Microbiol. Ecol. 91, fiu026, doi:10.1093/
femsec/fiu026 (2015).

 19. Weimer, P. J., Stevenson, D. M., Mantovani, H. C. & Man, S. L. Host specificity of the ruminal bacterial community in the dairy cow 
following near-total exchange of ruminal contents. J. Dairy Sci. 93, 5902–5912, doi:10.3168/jds.2010-3500 (2010).

 20. DePeters, E. J. & George, L. W. Rumen transfaunation. Immunol. Lett. 162, 69–76, doi:10.1016/j.imlet.2014.05.009 (2014).
 21. Cole, N. A. Effects of animal-to-animal exchange of ruminal contents on the feed intake and ruminal characteristics of fed and fasted 

lambs. J. Anim. Sci 69, 1795–1803, doi:10.2527/1991.6941795x (1991).
 22. Dehority, B. A. Specificity of rumen ciliate protozoa in cattle and sheep. J. Protozool. 25, 509–513, doi:10.1111/j.1550-7408.1978.

tb04177.x (1978).
 23. Williams, A. G. & Withers, S. E. Changes in the rumen microbial population and its activities during the refaunation period after the 

reintroduction of ciliate protozoa into the rumen of defaunated sheep. Can. J. Microbiol. 39, 61–69, doi:10.1139/m93-009 (1993).
 24. Selinger, L. B., Forsberg, C. W. & Cheng, K. J. The rumen: a unique source of enzymes for enhancing livestock production. Anaerobe 

2, 263–284, doi:10.1006/anae.1996.0036 (1996).
 25. Devillard, E. et al. Characterization of XYN10B, a modular xylanase from the ruminal protozoan Polyplastron multivesiculatum, 

with a family 22 carbohydrate-binding module that binds to cellulose. Biochem. J 373, 495–503, doi:10.1042/BJ20021784 (2003).
 26. Findley, S. D. et al. Activity-based metagenomic screening and biochemical characterization of bovine ruminal protozoan glycoside 

hydrolases. Appl. Environ. Microbiol. 77, 8106–8113, doi:10.1128/AEM.05925-11 (2011).
 27. Dijkstra, J. & Tamminga, S. Simulation of the effects of diet on the contribution of rumen protozoa to degradation of fibre in the 

rumen. Br. J. Nutr. 74, 617–634, doi:10.1079/BJN19950166 (1995).
 28. Ellis, J. E., Williams, A. & Lloyd, D. Oxygen consumption by ruminal microorganisms: protozoal and bacterial contributions. Appl. 

Environ. Microbiol. 55, 2583–2587 (1989).
 29. Hillman, K., Lloyd, D. & Williams, A. G. Use of a portable quadrupole mass spectrometer for the measurement of dissolved gas 

concentrations in ovine rumen liquor in situ. Curr. Microbiol. 12, 335–339, doi:10.1007/BF01567893 (1985).
 30. Tymensen, L. D., Beauchemin, K. A. & McAllister, T. A. Structures of free-living and protozoa-associated methanogen communities 

in the bovine rumen differ according to comparative analysis of 16S rRNA and mcrA genes. Microbiology 158, 1808–1817, 
doi:10.1099/mic.0.057984-0 (2012).

 31. Morgavi, D., Forano, E., Martin, C. & Newbold, C. Microbial ecosystem and methanogenesis in ruminants. Animal 4, 1024–1036, 
doi:10.1017/S1751731110000546 (2010).

 32. Newbold, C. J., de la Fuente, G., Belanche, A., Ramos-Morales, E. & McEwan, N. R. The role of ciliate protozoa in the rumen. Front. 
Microbiol 6, 1313, doi:10.3389/fmicb.2015.01313 (2015).

 33. Sun, W., Goetsch, A. L., Forster, L. A. Jr., Galloway, D. L. Sr., Lewis, P. & K., Jr Forage and splanchnic tissue mass in growing lambs: 
effects of dietary forage levels and source on splanchnic tissue mass in growing lambs. Br. J. Nutr. 71, 141–151, doi:10.1079/
BJN19940122 (1994).

http://dx.doi.org/10.1017/S1751731112000419
http://dx.doi.org/10.4141/cjas78-060
http://dx.doi.org/10.4098/0001-7051
http://dx.doi.org/10.2307/3898128
http://dx.doi.org/10.4141/cjas81-022
http://dx.doi.org/10.4141/cjas81-022
http://dx.doi.org/10.2307/2402203
http://dx.doi.org/10.3389/fmicb.2015.00296
http://dx.doi.org/10.1007/s002489901006
http://dx.doi.org/10.4141/A06-066
http://dx.doi.org/10.3168/jds.S0022-0302(69)86510-0
http://dx.doi.org/10.2508/chikusan.49.494
http://dx.doi.org/10.1111/jeu.2002.49.issue-1
http://dx.doi.org/10.2527/jas.2010-3703
http://dx.doi.org/10.1093/femsec/fiu026
http://dx.doi.org/10.1093/femsec/fiu026
http://dx.doi.org/10.3168/jds.2010-3500
http://dx.doi.org/10.1016/j.imlet.2014.05.009
http://dx.doi.org/10.2527/1991.6941795x
http://dx.doi.org/10.1111/j.1550-7408.1978.tb04177.x
http://dx.doi.org/10.1111/j.1550-7408.1978.tb04177.x
http://dx.doi.org/10.1139/m93-009
http://dx.doi.org/10.1006/anae.1996.0036
http://dx.doi.org/10.1042/BJ20021784
http://dx.doi.org/10.1128/AEM.05925-11
http://dx.doi.org/10.1079/BJN19950166
http://dx.doi.org/10.1007/BF01567893
http://dx.doi.org/10.1099/mic.0.057984-0
http://dx.doi.org/10.1017/S1751731110000546
http://dx.doi.org/10.3389/fmicb.2015.01313
http://dx.doi.org/10.1079/BJN19940122
http://dx.doi.org/10.1079/BJN19940122


www.nature.com/scientificreports/

1 5Scientific RepoRts | 7: 1276  | DOI:10.1038/s41598-017-01269-3

 34. Goetsch, A. L. et al. Net flux of nutrients across splanchnic tissues in wethers consuming grasses of different sources and physical 
forms ad libitum. Br. J. Nutr. 77, 769–781, doi:10.1079/BJN19970074 (1997).

 35. Kouakou, B. et al. Visceral organ mass in wethers consuming low- to moderate-quality grasses. Small Ruminant Res. 26, 69–80, 
doi:http://dx.doi.org/10.1016/S0921-4488(97)00010-2 (1997).

 36. Hersom, M. J., Krehbiel, C. R. & Horn, G. W. Effect of live weight gain of steers during winter grazing: II. Visceral organ mass, 
cellularity, and oxygen consumption. J. Anim. Sci 82, 184–197, doi:10.2527/2004.821184x (2004).

 37. Ushida, K. & Jouany, J. P. Effect of protozoa on rumen protein degradation in sheep. Reprod. Nutr. Dev. 25, 1075–1081, doi:10.1051/
rnd:19850807 (1985).

 38. Ushida, K. & Jouany, J.-P. Influence des protozoaires sur la dégradation des protéines mesurée in vitro et in sacco. Reprod. Nutr. Dev. 
26, 293–294, doi:10.1051/rnd:19860223 (1986).

 39. Morotomi, M., Nagai, F. & Watanabe, Y. Description of Christensenella minuta gen. nov., sp. nov., isolated from human faeces, which 
forms a distinct branch in the order Clostridiales, and proposal of Christensenellaceae fam. nov. Int. J. Syst. Evol. Microbiol. 62, 
144–149, doi:10.1099/ijs.0.026989-0 (2012).

 40. Goodrich, J. K. et al. Human genetics shape the gut microbiome. Cell 159, 789–799, doi:10.1016/j.cell.2014.09.053 (2014).
 41. Solden, L. M. et al. New roles in hemicellulosic sugar fermentation for the uncultivated Bacteroidetes family BS11. ISME J. 11, 

691–703, doi:10.1038/ismej.2016.150 (2016).
 42. Belanche, A., de la Fuente, G., Moorby, J. M. & Newbold, C. J. Bacterial protein degradation by different rumen protozoal groups. J. 

Anim. Sci. 90, 4495–4504, doi:10.2527/jas.2012-5118 (2012).
 43. Ushida, K., Jouany, J. P. & Thivend, P. Role of rumen protozoa in nitrogen digestion in sheep given two isonitrogenous diets. Br. J. 

Nutr. 56, 407–419, doi:10.1079/BJN19860121 (1986).
 44. Tedeschi, L. O., Fox, D. G. & Russell, J. B. Accounting for ruminal deficiencies of nitrogen and branched-chain amino acids in the 

structure of the Cornell net carbohydrate and protein system. In Proceedings of Cornell Nutrition Conference for Feed Manufacturers 
224–238 (New York: Cornell University, 2000).

 45. Dehority, B. A., Scott, H. W. & Kowaluk, P. Volatile fatty acid requirements of cellulolytic rumen bacteria. J. Bacteriol. 94, 537–543 
(1967).

 46. Van Gylswyk, N. O. The effect of supplementing a low–protein hay on the cellulolytic bacteria in the rumen of sheep and on the 
digestibility of cellulose and hemicellulose. J. Agric. Sci 74, 169–180, doi:10.1017/S0021859600021122 (1970).

 47. Bryant, M. P. Nutritional requirements of the predominant rumen cellulolytic bacteria. Fed. Proc 32, 1809–1813 (1973).
 48. Soofi, R., Fahey, G. C. Jr., Berger, L. L. & Hinds, F. C. Effect of branched chain volatile fatty acids, trypticase, urea, and starch on in 

vitro dry matter disappearance of soybean stover. J. Dairy Sci. 65, 1748–1753, doi:10.3168/jds.S0022-0302(82)82411-9 (1982).
 49. Gorosito, A. R., Russell, J. B. & Van Soest, P. J. Effect of carbon-4 and carbon-5 volatile fatty acids on digestion of plant cell wall in 

vitro. J. Dairy Sci. 68, 840–847, doi:10.3168/jds.S0022-0302(85)80901-2 (1985).
 50. Yang, C. M. J. Response of forage fiber degradation by ruminal microorganisms to branched-chain volatile fatty acids, amino acids, 

and dipeptides. J. Dairy Sci. 85, 1183–1190, doi:10.3168/jds.S0022-0302(02)74181-7 (2002).
 51. Demeyer, D. I. & Van Nevel, C. J. Effect of defaunation on the metabolism of rumen micro-organisms. Br. J. Nutr. 42, 515–524, 

doi:10.1079/BJN19790143 (1979).
 52. Morgavi, D. P., Sakurada, M., Mizokami, M., Tomita, Y. & Onodera, R. Effects of ruminal protozoa on cellulose degradation and the 

growth of an anaerobic ruminal fungus, Piromyces sp. strain OTS1, in vitro. Appl. Environ. Microbiol. 60, 3718–3723 (1994).
 53. Bergman, E. N., Reid, R. S., Murray, M. G., Brockway, J. M. & Whitelaw, F. G. Interconversions and production of volatile fatty acids 

in the sheep rumen. Biochem. J. 97, 53–58, doi:10.1042/bj0970053 (1965).
 54. Diez-Gonzalez, F., Bond, D. R., Jennings, E. & Russell, J. B. Alternative schemes of butyrate production in Butyrivibrio fibrisolvens 

and their relationship to acetate utilization, lactate production, and phylogeny. Arch. Microbiol. 171, 324–330, doi:10.1007/
s002030050717 (1999).

 55. Sutton, J. D. et al. Rates of production of acetate, propionate, and butyrate in the rumen of lactating dairy cows given normal and 
low-roughage diets. J. Dairy Sci. 86, 3620–3633, doi:10.3168/jds.S0022-0302(03)73968-X (2003).

 56. Welch, J. G. Rumination, particle size and passage from the rumen. J. Anim. Sci. 54, 885–894, doi:10.2527/jas1982.544885x (1982).
 57. Bae, D. H., Welch, J. G. & Gilman, B. E. Mastication and rumination in relation to body size of cattle. J. Dairy Sci. 66, 2137–2141, 

doi:10.3168/jds.S0022-0302(83)82060-8 (1983).
 58. Grandl, F. et al. Biological implications of longevity in dairy cows: 1. Changes in feed intake, feeding behavior, and digestion with age. 

J. Dairy Sci. 99, 3457–3471, doi:10.3168/jds.2015-10261 (2016).
 59. Baumont, R., Doreau, M., Ingrand, S., Veissier, I. & Bels, V. Feeding and mastication behaviour in ruminants. Feeding in domestic 

vertebrates: from structure to behaviour 241–262, doi:10.1079/9781845930639.0000 (2006).
 60. Pérez-Barbería, F. J. & Gordon, I. J. Factors affecting food comminution during chewing in ruminants: a review. Biol. J. Linnean Soc. 

63, 233–256, doi:10.1111/j.1095-8312.1998.tb01516.x (1998).
 61. Canadian Council on Animal Care (CCAC). Guidelines on: The care and use of farm animals in research, teaching and testing. 

(CCAC, 2009).
 62. National Research Council (NRC). Nutrient Requirements of Beef Cattle: Seventh Revised Edition: Update 2000. (The National 

Academies Press, 2000).
 63. Beauchemin, K. A., Yang, W. Z. & Rode, L. M. Effects of particle size of alfalfa-based dairy cow diets on chewing activity, ruminal 

fermentation, and milk production. J. Dairy Sci. 86, 630–643, doi:10.3168/jds.S0022-0302(03)73641-8 (2003).
 64. Chen, X. B. & Gomes, M. Estimation of microbial protein supply to sheep and cattle based on urinary excretion of purine 

derivatives-an overview of the technical details. (International Feed Resources Unit, 1995).
 65. Mambrini, M. & Peyraud, J. L. Retention time of feed particles and liquids in the stomachs and intestines of dairy cows. Direct 

measurement and calculations based on faecal collection. Reprod. Nutr. Dev. 37, 427–442 (1997).
 66. Uden, P., Colucci, P. E. & Van Soest, P. J. Investigation of chromium, cerium and cobalt as markers in digesta. Rate of passage studies. 

J. Sci. Food and Agric. 31, 625–632, doi:10.1002/(ISSN)1097-0010 (1980).
 67. Zebeli, Q. et al. Effects of varying dietary forage particle size in two concentrate levels on chewing activity, ruminal mat 

characteristics, and passage in dairy cows. J. Dairy Sci. 90, 1929–1942, doi:10.3168/jds.2006-354 (2007).
 68. Association of Official Analytical Chemists (AOAC). Official methods of analysis. 16th edn, (AOAC, 1995).
 69. Moore, J. A., Pond, K. R., Poore, M. H. & Goodwin, T. G. Influence of model and marker on digesta kinetic estimates for sheep. J. 

Anim. Sci. 70, 3528–3540, doi:10.2527/1992.70113528x (1992).
 70. Holleman, D. F. & White, R. G. Determination of digesta fill and passage rate from nonabsorbed particulate phase markers using the 

single dosing method. Can. J. Zool. 67, 488–494, doi:10.1139/z89-071 (1989).
 71. Dehority, B. A. Laboratory manual for classification and morphology of rumen ciliate protozoa. (CRC Press, 1993).
 72. Van Soest, P. J., Robertson, J. B. & Lewis, B. A. Methods for dietary fiber, neutral detergent fiber, and nonstarch polysaccharides in 

relation to animal nutrition. J. Dairy Sci. 74, 3583–3597, doi:10.3168/jds.S0022-0302(91)78551-2 (1991).
 73. Bevans, D. W., Beauchemin, K. A., Schwartzkopf-Genswein, K. S., McKinnon, J. J. & McAllister, T. A. Effect of rapid or gradual grain 

adaptation on subacute acidosis and feed intake by feedlot cattle. J. Anim. Sci 83, 1116–1132, doi:10.2527/2005.8351116x (2005).
 74. Broderick, G. A. & Kang, J. H. Automated simultaneous determination of ammonia and total amino acids in ruminal fluid and in 

vitro media. J. Dairy Sci. 63, 64–75, doi:10.3168/jds.S0022-0302(80)82888-8 (1980).
 75. Young, E. G. & Conway, C. F. On the estimation of allantoin by the Rimini–Schryver reaction. J. Biol. Chem. 142, 839–853 (1941).

http://dx.doi.org/10.1079/BJN19970074
http://dx.doi.org/10.2527/2004.821184x
http://dx.doi.org/10.1051/rnd:19850807
http://dx.doi.org/10.1051/rnd:19850807
http://dx.doi.org/10.1051/rnd:19860223
http://dx.doi.org/10.1099/ijs.0.026989-0
http://dx.doi.org/10.1016/j.cell.2014.09.053
http://dx.doi.org/10.1038/ismej.2016.150
http://dx.doi.org/10.2527/jas.2012-5118
http://dx.doi.org/10.1079/BJN19860121
http://dx.doi.org/10.1017/S0021859600021122
http://dx.doi.org/10.3168/jds.S0022-0302(82)82411-9
http://dx.doi.org/10.3168/jds.S0022-0302(85)80901-2
http://dx.doi.org/10.3168/jds.S0022-0302(02)74181-7
http://dx.doi.org/10.1079/BJN19790143
http://dx.doi.org/10.1042/bj0970053
http://dx.doi.org/10.1007/s002030050717
http://dx.doi.org/10.1007/s002030050717
http://dx.doi.org/10.3168/jds.S0022-0302(03)73968-X
http://dx.doi.org/10.2527/jas1982.544885x
http://dx.doi.org/10.3168/jds.S0022-0302(83)82060-8
http://dx.doi.org/10.3168/jds.2015-10261
http://dx.doi.org/10.1079/9781845930639.0000
http://dx.doi.org/10.1111/j.1095-8312.1998.tb01516.x
http://dx.doi.org/10.3168/jds.S0022-0302(03)73641-8
http://dx.doi.org/10.1002/(ISSN)1097-0010
http://dx.doi.org/10.3168/jds.2006-354
http://dx.doi.org/10.2527/1992.70113528x
http://dx.doi.org/10.1139/z89-071
http://dx.doi.org/10.3168/jds.S0022-0302(91)78551-2
http://dx.doi.org/10.2527/2005.8351116x
http://dx.doi.org/10.3168/jds.S0022-0302(80)82888-8


www.nature.com/scientificreports/

1 6Scientific RepoRts | 7: 1276  | DOI:10.1038/s41598-017-01269-3

 76. Wang, P. et al. Isolation of high-quality total RNA from rumen anaerobic bacteria and fungi, and subsequent detection of glycoside 
hydrolases. Can. J. Microbiol. 57, 590–598, doi:10.1139/W11-048 (2011).

 77. Herlemann, D. P. et al. Transitions in bacterial communities along the 2000 km salinity gradient of the Baltic Sea. ISME J. 5, 
1571–1579, doi:10.1038/ismej.2011.41 (2011).

 78. Caporaso, J. G. et al. Ultra-high-throughput microbial community analysis on the Illumina HiSeq and MiSeq platforms. ISME J. 6, 
1621–1624, doi:10.1038/ismej.2012.8 (2012).

 79. Andrews, S. FastQC: a quality control tool for high throughput sequence data. http://www.bioinformatics.babraham.ac.uk/projects/
fastqc (2010).

 80. Bolger, A. M., Lohse, M. & Usadel, B. Trimmomatic: a flexible trimmer for Illumina sequence data. Bioinformatics 30, 2114–2120, 
doi:10.1093/bioinformatics/btu170 (2014).

 81. Zhang, J., Kobert, K., Flouri, T. & Stamatakis, A. PEAR: a fast and accurate Illumina Paired-End reAd mergeR. Bioinformatics 30, 
614–620, doi:10.1093/bioinformatics/btt593 (2014).

 82. Caporaso, J. G. et al. QIIME allows analysis of high-throughput community sequencing data. Nat. Methods. 7, 335–336, doi:10.1038/
nmeth.f.303 (2010).

 83. Bray, J. R. & Curtis, J. T. An ordination of the upland forest communities of Southern Wisconsin. Ecol. Monogr 27, 325–349, 
doi:10.2307/1942268 (1957).

 84. Franzosa, E. A. et al. Relating the metatranscriptome and metagenome of the human gut. PNAS. 111, E2329–2338, doi:10.1073/
pnas.1319284111 (2014).

 85. Benjamini, Y. & Hochberg, Y. Controlling the false discovery rate: a practical and powerful approach to multiple testing. J. R. Stat. 
Soc. Series B 57, 289–300 (1995).

 86. Korpela, K. et al. Intestinal microbiome is related to lifetime antibiotic use in Finnish pre-school children. Nat. Commun. 7, 10410, 
doi:10.1038/ncomms10410 (2016).

Acknowledgements
The financial support from this study from Elanco Animal Health and the AIP program of Agriculture and 
Agri-Food Canada are gratefully acknowledged. Authors would like to thank the Lethbridge Research and 
Development Centre (AAFC) staff, postdoctoral fellows, and students for their technical and animal care 
assistance. The first and second authors gratefully acknowledge CAPES Foundation from the Ministry of 
Education of Brazil, for the Post-Doctorate (CAPES process BEX-9258-13-2) and Doctorate (PDSE CAPES/
EMBRAPA) scholarships, respectively. The authors also thank V. Bremer (Elanco Animal Health, Greenfield, 
Indiana, USA) for his valuable suggestions on the protocol and experimental design.

Author Contributions
G.O.R., R.J.F., W.Y., K.A.B. and T.A.M. designed the study. G.O.R., D.B.O., Z.H. and R.J.G. conducted the animal 
studies and sampling. C.E. and R.J.F. isolated RNA and conducted 16S rRNA amplicon sequencing and bacterial 
diversity analysis. G.O.R., R.J.F., W.Y., K.A.B. and T.A.M. analyzed the data. G.O.R., R.J.G. W.Y., K.A.B. and 
T.A.M. wrote the manuscript. All authors reviewed and approved the final manuscript.

Additional Information
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1139/W11-048
http://dx.doi.org/10.1038/ismej.2011.41
http://dx.doi.org/10.1038/ismej.2012.8
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://dx.doi.org/10.1093/bioinformatics/btu170
http://dx.doi.org/10.1093/bioinformatics/btt593
http://dx.doi.org/10.1038/nmeth.f.303
http://dx.doi.org/10.1038/nmeth.f.303
http://dx.doi.org/10.2307/1942268
http://dx.doi.org/10.1073/pnas.1319284111
http://dx.doi.org/10.1073/pnas.1319284111
http://dx.doi.org/10.1038/ncomms10410
http://creativecommons.org/licenses/by/4.0/

	Repeated inoculation of cattle rumen with bison rumen contents alters the rumen microbiome and improves nitrogen digestibil ...
	Results
	Intake, digesta kinetics, gut fill, and total tract digestibility. 
	Nitrogen utilization and ruminal microbial protein synthesis. 
	Ruminal pH profile and fermentation characteristics. 
	Chewing activity. 
	Alpha-diversity measures. 
	Bacterial composition of rumen microbiota. 
	Correlation between digestibility variables and rumen microbiota. 

	Discussion
	Conclusion
	Materials and Methods
	Ethics Statement. 
	Experimental design, animals, housing, diet and measurement procedures. 
	Rumen transfers. 
	Feed intake. 
	Chewing activities. 
	Total tract digestibility. 
	Digesta kinetics and gut fill. 
	Ruminal sampling for VFA, NH3-N, protozoa and pH measurements. 
	Chemical analysis. 
	Rumen content sampling for RNA extraction and bacterial composition. 
	PCR amplification and 16S rRNA aomplicon sequencing. 
	Bacterial diversity analysis. 
	Statistical Analysis. 

	Acknowledgements
	Figure 1 Mean daily ruminal pH of heifers fed a barley straw diet before and after rumen content transfers from the bison (5 days of measurement).
	Figure 2 Principal coordinate analysis (PCoA) of ruminal bacterial OTUs from cattle before rumen content transfers and after transfers (days 1 and 27), and from the second bison inoculum used in the transfers.
	Figure 3 Experimental layout.
	Table 1 Chemical composition, pH and protozoa population of heifers’ rumen contents before rumen transfers and from the bison inoculum used in the rumen transfers.
	Table 2 Feed intake, digesta kinetics and total tract digestibility of heifers fed a barley straw diet before and after rumen content transfers from the bison.
	Table 3 Nitrogen (N) utilization and ruminal microbial protein synthesis by heifers fed a barley straw diet before and after rumen content transfers from the bison.
	Table 4 Ruminal pH profile of fermentation characteristics of heifers fed a barley straw diet before and after rumen content transfers from the bison.
	Table 5 Ruminal protozoa population of heifers fed a barley straw diet before and after rumen content transfers from the bison.
	Table 6 Chewing activity of heifers fed a barley straw diet before and after rumen content transfers from the bison.
	Table 7 Alpha-diversity indices of bacterial communities in the ruminal contents of heifers fed a barley straw diet before and after rumen content transfers from the bison.
	Table 8 Phylum-level taxonomic composition of the bacterial communities in the ruminal contents of heifers fed a barley straw diet before and after rumen content transfers from the bison.
	Table 9 Family-level taxonomic composition of the bacterial communities in the ruminal contents of heifers fed a barley straw diet before and after rumen content transfers from the bison.
	Table 10 Pearson correlation coefficients between diet digestibility variables, total protozoa, and relative taxa abundances of ruminal protozoa and bacteria.
	Table 11 Chemical composition of the barley straw and concentrate fed to heifers and diets consumed during each period.




